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ABSTRACT The E6 and E7 oncoproteins of the high-risk
human papillomavirus (HPV) types are able to immortalize
human keratinocytes in vitro and likely contribute to the
development of anogenital malignancies in vivo. The role of
these oncoproteins in the productive viral life cycle, however,
is not known. To begin to examine these possible roles,
mutations in E6 were introduced in the context of the complete
HPV 31 genome. Although transfected wild-type HPV 31
genomes, as well as genomes containing an E6 translation
termination linker, an E6 frameshift mutation, and a point
mutation in the p53 interacting domain were able to replicate
in transient assays, only the wild-type genome was stably
maintained as an episome. Interestingly, mutant genomes in
either the E6 splice-donor site or splice-acceptor site were
reduced in replication ability in transient assays; however,
cotransfection of E1 and E2 expression vectors restored this
function. In a similar fashion, genomes containing mutant
HPV 31 E7 genes, including a translation termination mutant,
two Rb-binding site mutants, a casein kinase II phosphory-
lation site mutant, and a transformation deficient mutant,
were constructed. Although transient replication was similar
to wild type in all of the E7 mutants, only the casein kinase II
mutant had the ability to maintain high copies of episomal
genomes. These findings suggest a role for E6 and E7 in the
viral life cycle beyond their ability to extend the life span of
infected cells.

High-risk genital human papillomaviruses (HPVs) are the
causative agents of cervical and other anogenital cancers (1, 2).
This association is due, in part, to the ability of two of the viral
gene products, E6 and E7, to target cellular proteins that
regulate the cell cycle (3, 4). The most notable of these are p53
and Rb. E6 facilitates the degradation of p53 through its
association with an accessory protein, E6–AP, a component of
the ubiquitin-degradation pathway, whereas E7 binds to and
disrupts the functions of Rb (5). Numerous studies have
broadened our understanding of these interactions and con-
firmed the role of these oncoproteins in transformation,
immortalization, and the induction of genomic instability (6,
7). In contrast, little information is available on the functions
of E6 and E7 in the productive viral life cycle.

The life cycle of HPV is closely associated with the differ-
entiation program of the infected epithelial tissue (8). Conse-
quent to infection, viral genomes replicate as episomes in basal
cells coincident with cellular replication, maintaining copy
number at '50 per cell. After cell division, the daughter cells
leave the basal layer and begin to differentiate. As the cells
reach the suprabasal layer, entry into S phase is induced, most
likely through the action of the E7 protein (9, 10). This entry
into S phase results in amplification of the viral genomes,

expression of capsid proteins, and assembly of progeny virus in
the outermost layer of the infected tissue (11).

The E1 and E2 proteins of papillomaviruses have been
shown to activate replication and regulate transcription of
early viral genes in transient assays (12–16). Recently, a genetic
system has been developed and was used to show that episomal
forms of HPV 31 are required for the high level of expression
of late viral genes (17). In contrast, genomes with a frameshift
mutation in the E1 ORF were found to be deficient in their
ability to maintain episomes and, therefore, amplify DNA and
express late viral transcripts. It is clear that episomal mainte-
nance of HPV genomes is a critical component of the produc-
tive viral life cycle and persistent infection. Using this genetic
system, we have examined the roles of the E6 and E7 viral
proteins of high-risk HPV 31 in the productive viral life cycle.
We show that E6 and E7 are both required for the maintenance
of stable viral episomes; in contrast, these oncoproteins have
no role in transient replication. These findings suggest a role
for E6 and E7 in the viral life cycle beyond their ability to
extend the life span of infected cells.

MATERIALS AND METHODS

Cell Culture. Human foreskin keratinocytes (HFKs) were
derived from neonatal human foreskin epithelium as described
(10) and were maintained in serum-free keratinocyte growth
medium before transfection (Keratinocyte Growth Medium;
Clonetics, San Diego). SCC13 cells, a human squamous cell
carcinoma line (18), and HPV 31 genome transfectants were
grown in serum-containing medium (E medium; ref. 19) with
J2 3T3 fibroblast feeders, which were kindly provided by the
Howard Green laboratory (Harvard Medical School, Boston)
and were treated with mitomycin C (Boehringer Mannheim;
ref. 20).

Plasmids. pBR322.HPV31 contains the HPV 31 genome
inserted into the EcoRI site of pBR322 (17). Mutations in E6
of pBR322.HPV31 were constructed as follows: a translation
termination mutant of HPV 31 E6, pBR31.E6–TTL (transla-
tion termination linker), was created by insertion of a 24-bp
TTL (GTGCAGATCTTAATTAACTAACTG) into the
unique HpaI site of E6. An additional mutation of E6, which
abrogates expression of full-length E6, pBR31.E6–FS, was
constructed by insertion of an 8-bp AatII linker (New England
Biolabs) into the unique DraIII site of E6, resulting in a
frameshift. Mutations at the splice-donor, pBR31.E6-SDMT,
and splice-acceptor, pBR31.E6–SAM, sites of E6 were made
by substitution of nucleotides 212 and 411, respectively, via
recombinant PCR. pBR31.E6–YYH is a mutant that is unable
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to degrade p53 (21). It was created by recombinant PCR with
substitutions at amino acids 45, 47, and 49.

Mutations in E7 of pBR322.HPV31 were constructed via
recombinant PCR as follows: a translation termination of E7,
pBR31.E7–3XTAA, was made with three stop codons engi-
neered at amino acids 9–11. pBR31.E7–D21G, which has an
Rb-binding efficiency similar to that of the ‘‘low-risk’’ E7
protein (22–24), and pBR31.E7–C24G, which is deficient in Rb
binding (22–25), were created with substitutions at the indi-
cated amino acids. pBR31.E7–R2P is a substitution mutation
of the second amino acid of E7, which results in loss of
transformation function but retention of Rb binding (22, 25).
pBR31.E7–CK2 is a substitution mutation of amino acids 31
and 32, which are potential casein kinase II (CK2) phosphor-
ylation sites (26–28).

Transfection of HFKs. To release the viral genome, 10 mg
of the given pBR31 construct (wild type or mutant) was
digested with EcoRI. Restriction enzyme was heat-inactivated
and genomes were unimolecularly ligated in the digestion
solution with T4 DNA ligase (10 unitsy900 ml). DNA was
precipitated with isopropyl alcohol and resuspended in TE
buffer (10 mM Trisy1 mM EDTA, pH 8.0). The entire
precipitated ligation was cotransfected with 2 mg of the
selectable marker pSV2neo into HFKs with LipofectAce
(GIBCOyBRL) as described by the manufacturer. Cells were
plated onto mitomycin C-treated fibroblast feeders in E me-
dium 1 day after transfection. Selection began 2 days after
transfection with G418 (GIBCOyBRL) as follows: 200 mgyml
G418 every 2 days for a total of 4 days, and then 100 mgyml
G418 every 2 days for 4 more days. After selection, pooled
populations were expanded for analyses.

Transient Replication Assays. Transient replication assays
were carried out as described (29). Briefly, viral DNAs (3 mg
of 7,912-bp HPV 31) were first cleaved from the bacterial
plasmid sequences, unimolecularly ligated, and combined with
carrier DNA (20 mg) and equimolar amounts of E1 and E2
expression vectors (pSG-E1 and pSG-E2; ref. 30), as indicated
in the figure legends. SCC13 cells were transfected by elec-
troporation (250 V; 960 uF; Bio-Rad GenePulser) and plated
onto mitomycin C-treated fibroblast feeders. At 5 days after
transfection, low-molecular-mass DNA was isolated by the
Hirt method (31) and digested with DpnI to remove residual
bacterially methylated input DNA and with BanII to linearize
the viral genomes. After agarose gel electrophoresis and
blotting to a nylon membrane (Magna; Micron Separations,
Westboro, MA), replicated DNAs were detected with a 32P-
labeled HPV 31 DNA probe (HpaI 3 EcoRI fragment) and
examined by autoradiography.

Stable Replication Assays. HPV transfectants were har-
vested at approximately one passage after transfection for
Southern blot analyses. Total genomic DNA was prepared by
resuspension of cell pellet in lysis buffer (400 mM NaCly10
mM TriszHCl, pH 7.4y10 mM EDTA) to which RNase A (50
mgyml), proteinase K (50 mgyml), and SDS (0.2%) was added,
followed by incubation at 37°C overnight. DNA was sheared by
passage through an 18-gauge needle approximately 10 times,
extracted with phenol:chloroform, and then precipitated with
ethanol. Total genomic DNA (10 mg) was digested with DpnI
to remove any residual input DNA. Digested DNA was
separated on a 0.8% agarose gel, treated, and alkaline-
transferred onto DuPont GeneScreen Plus nylon membrane
(NEN) as described by the manufacturer. The membrane was
prehybridized in 50% (volyvol) formamide, 43 standard saline
phosphateyEDTA (0.18 M NaCly10 mM phosphate, pH 7.4y1
mM EDTA), 53 Denhardt’s solution (0.02% polyvinylpyrro-
lidoney0.02% Ficolly0.02% BSA), 1% SDS, 10% (volyvol)
dextran sulfate, and 0.1 mgyml denatured herring sperm DNA
for 1 h at 42°C. The HPV 31 probe was prepared by gel
purification of the entire HPV 31 genome from
pBR322.HPV31 digested with EcoRI and labeled with the

Ready-to-go DNA labeling kit (Amersham Pharmacia). La-
beled probe was purified with NucTrap columns (Stratagene),
denatured, and added to fresh hybridization solution, which
was incubated with membrane at 42°C overnight. Membrane
was washed twice with 23 SSCy0.1% SDS for 15 min at room
temperature; twice with 0.53 SSCy0.1% SDS for 15 min at
room temperature; twice with 0.13 SSCy0.1% SDS for 15 min
at room temperature; and once with 0.13 SSCy1% SDS for 30
min at 50°C. Hybridizing species were visualized by autora-
diography.

RESULTS

HPV 31 Genomes Containing Mutations in E6. To investi-
gate the role of the E6 oncoproteins in the productive life cycle
of HPVs, a set of five mutant HPV 31 genomes was con-
structed in the context of pBR322.HPV31 (Fig. 1). Of these
mutant genomes, two contain a translation termination mu-
tation and a frameshift mutation (E6–TTL and E6–FS), both
of which abrogate E6 translation. Previous analyses of HPV 31
early transcripts identified an intron in E6, which, when
expressed, generates a putative shortened E6 product, E6*
(32). To investigate the role of this intron, we also constructed
pBR322.HPV31-derivative plasmids that contain mutations in

FIG. 1. Schematic of HPV 31 E6 mutants. (A) Diagram represent-
ing the ORFs of HPV 31 and the two major promoters that drive viral
expression. (B) Diagram depicting the two possible E6 ORFs ex-
pressed from the p97-initiated transcripts of HPV 31. E6 represents
the full-length protein and E6* denotes a putative shortened protein
expressed from a spliced transcript. The asterisks represent the
splice-donor and splice-acceptor sites. (C) Diagram showing the HPV
31 E6 mutations with their mutation site(s) indicated by arrows.
E6–TTL is an insertion of a TTL, and E6–FS is a frameshift mutant.
Both mutants abrogate expression of full-length E6. E6–SDMT and
E6–SAM indicate the two splicing mutants with substitutions at
nucleotides 212 and 411, respectively, but E6–SDMT and E6–SAM
are silent in E6. E6–YYH denotes the p53-binding-deficient mutant
with substitutions at amino acids 45, 47, and 49. All mutants were
generated in the context of the pBR322.HPV31 construct. Shaded
areas represent the zinc finger regions of the protein.
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either the splice-donor site, E6–SDMT, or the splice-acceptor
site, E6–SAM, resulting in loss of E6* expression. These two
mutants were designed to be silent in the full-length E6.
Finally, a substitution mutant, which is specific to the full-
length E6, was constructed based on published studies of HPV
16 E6 mutants that fail to degrade p53. Substitution of amino
acids 45, 47, and 49 to tyrosine, tyrosine, and histidine,
respectively, in HPV 16 E6 has been shown to inhibit degra-
dation of p53 (21). We constructed the corresponding mutant,
E6–YYH, in HPV 31 in which the same three amino acids in
HPV 31 were similarly substituted.

Transient Replication of E6 Mutant Genomes. We first
examined the effect of E6 mutations on the ability of intact
viral genomes to replicate in transient assays. For these studies,
viral DNAs were released from the bacterial vector (pBR322),
unimolecularly ligated, and transfected into SCC13 keratino-
cytes by electroporation with the religated genomes. After 5
days, low-molecular-mass DNA was isolated and digested with
DpnI to remove any residual bacterially methylated input
DNA, as well as with BanII to linearize the viral genomes to
facilitate quantitation. Southern analysis was then performed,
and replicating DNAs were detected by autoradiography. As
shown in Fig. 2, the E6 translation termination mutant (Fig. 2,
lane 2) and the frameshift mutant (Fig. 2, lane 3) were found
to replicate as efficiently as the wild-type genome (Fig. 2, lane
1). In contrast, the splice-site mutants (Fig. 2, lanes 4 and 5)
had a significant 5-fold decrease in replication compared with
wild type. The mean of three separate experiments was
calculated based on quantitation by PhosphorImager analysis.
The replication ability of the p53 degradation mutant (Fig. 2,
lane 6) was consistently reduced compared with wild type;
however, on average, the reduction was minimal in comparison
to the decrease observed in the splice-site mutants. This result
suggests that the p53-binding and degradation function of E6
is most likely not required for transient replication. In addition,
transient replication assays were performed in HFKs for the
wild-type as well as the E6–TTL mutant genomes. In these
experiments, the wild-type and E6–TTL genomes replicated at
comparable levels (data not shown). Taken together, these

data indicate that expression of full-length E6 protein is not
required for transient replication of the HPV 31 genome.

There are two possible explanations for the decreased
replication ability of genomes containing mutated splice-
donor or splice-acceptor sites (Fig. 2, lanes 4 and 5). It is
possible that expression of the truncated E6* protein is
required for replication or that, alternatively, the E6 splice sites
are required for expression of transcripts that encode the
replication proteins E1 and E2. To address the latter possi-
bility, mutant genomes were cotransfected with E1 and E2
expression vectors and assayed for their ability to replicate
transiently. As shown in Fig. 2 (lanes 10 and 11), when
cotransfected with E1 and E2 expression vectors, the E6
splice-donor and splice-acceptor mutant genomes replicated at
levels similar to those seen with the wild-type genomes (Fig. 2,
lane 7). Only a modest increase in replication of wild-type
genomes was observed by the addition of E1 and E2 expression
vectors, consistent with the previously described autoregula-
tion by E2 (33). Moreover, the increase observed in the
E6–YYH mutant with overexpression of E1 and E2 (Fig. 2,
lane 12) is similar to the increase observed for the wild-type
genome (Fig. 2, lane 7). Further mutational analysis would be
required to determine whether loss of the p53 degradation
function affects transient replication. These data suggest that
the loss of the E6 splice sites in the splice-donor and splice-
acceptor mutants alters the expression of E1 andyor E2,
resulting in the decreased ability of these cells to replicate
transiently.

Stable Maintenance of E6 Mutant Genomes. We next
investigated whether E6 was necessary for stable maintenance
and replication of HPV 31 genomes. HFKs were transfected
via lipid with recircularized wild-type and E6 mutant HPV 31
DNAs as described in Materials and Methods. After selection
for neomycin resistance, pooled colonies were harvested ap-
proximately 1 month after transfection. Southern blot analyses
were performed on DpnI-digested total genomic DNA from
both wild-type and E6 mutant HPV 31 cultures (Fig. 3). The
cells transfected with wild-type HPV 31 were found to contain
primarily episomal copies of HPV 31 DNA, consistent with
previous reports (Fig. 3, lane 1); however, all of the cells

FIG. 2. Autoradiogram of Southern blot showing replicated (DpnI-resistant) viral DNAs from a transient replication assay with HPV 31 wild
type (WT) and E6 mutants in SCC13 cells. Viral DNAs were excised from bacterial plasmid sequences, unimolecularly ligated, and transfected
alone (lanes 1–6) or with equimolar amounts of HPV 31 E1 and E2 expression vectors (lanes 7–12). Low-molecular-mass DNA was isolated and
analyzed by Southern blotting as described in Materials and Methods. DNA standards (Stds) are shown on the left and contain 500, 25, 2.5, and
0.5 pg of linearized wild-type HPV 31 DNA.
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transfected with genomes containing mutations in E6 had only
integrated copies (Fig. 3, lanes 2–6). These experiments were
repeated three times with similar results. As expected, the
splice-site mutants that were deficient in transient viral repli-
cation were also unable to replicate stably, resulting in inte-
gration. Interestingly, the translation termination and frame-
shift mutants and the p53 degradation mutant, which were able
to replicate efficiently in transient assays, were unable to
replicate stably, as evidenced by the lack of supercoiled DNA
just 1 month after transfection. In addition, senescence oc-
curred typically between 1 and 2 months for the E6–TTL,
E6–FS, and E6–YYH mutant cells in which the cells were
passaged two or three times. In contrast, the E6–SDMT and
E6–SAM cells had slightly extended life spans.

Construction of E7 Mutants. It was next important to
determine whether the second viral oncoprotein, E7, had a
function in the HPV viral life cycle beyond its ability to extend
the life span of infected cells. The binding of E7 to Rb is the
best characterized function of E7; therefore, we constructed
mutants that would determine whether this activity had a role
in the maintenance of stable episomes. As with the E6 mutants,
mutants of E7 were generated in the context of the HPV 31
genome construct pBR322.HPV31 (Fig. 4). E7–3XTAA con-
tains an insertion of three tandem translation termination
codons, whereas E7–D21G contains a substitution in the
Rb-binding region (DLXCXE) and binds Rb with a reduced
affinity similar to the affinity observed in low-risk E7 (22–24).
E7–C24G also contains a substitution in the Rb-binding
region, but this mutation results in a total loss of Rb binding
(22–25). E7–R2P is a mutant that has lost the ability to
transform but retains Rb binding (22, 25), and E7–CK2
contains an altered CK2 phosphorylation site (26–28).

Transient Replication of E7 Mutant Genomes. As with the
E6 mutants, we first examined the effect of the E7 mutants on
transient viral replication. Viral DNAs were prepared as
described above and transfected into SCC13 cells. After 5 days,
low-molecular-mass DNA was isolated from cells and digested

with DpnI and BanII. Southern analysis was then performed,
and replicating DNAs were detected by autoradiography. As
shown in Fig. 5, all of the E7 mutants (Fig. 5, lanes 2–6) have
DNA levels comparable to wild type (Fig. 5, lane 1), indicating
that E7 does not significantly affect transient viral replication.
Although replication in the E7–D21G mutant is slightly de-
creased in this experiment (Fig. 5, lane 3), analysis of the data
from three separate experiments with E7–D21G indicates no
statistical difference in transient replication ability compared
with wild type. Again, transient replication assays were per-
formed with wild-type and E7–3XTAA mutant genomes in
HFKs and similar results were found (data not shown).

Stable Maintenance of E7 Mutant Genomes. Although
transient replication was unaffected in the E7 mutants, we next
examined whether mutations in E7 alter stable replication.
Viral DNAs were prepared as described above and transfected
into primary HFKs. After selection, cells were cultured for
approximately 4 weeks followed by isolation of total genomic
DNA. DNAs were digested with DpnI and subjected to South-
ern analysis (Fig. 6). Only the wild-type genome (Fig. 6, lane

FIG. 3. Autoradiogram showing Southern analysis of stably trans-
fected HFKs with HPV 31 wild type (WT) and E6 mutants. Total
genomic DNAs were digested with DpnI to remove residual input
DNA. The migration of the various DNA forms is indicated on the left.
Similar results were seen in three independent transfections.

FIG. 4. Schematic of HPV 31 E7 mutants. Mutation sites are
indicated by arrows. E7–3XTAA represents a translation termination
mutant with a substitution of amino acids 9–11 with three stop codons.
E7–D21G and E7–C24G indicate mutations in the DLXCXE Rb-
binding motif at the indicated amino acids. E7–R2P represents a
transformation-defective mutant at amino acid 2, and E7–CK2 denotes
a potential CK2 phosphorylation site mutant with substitutions of
amino acids 32 and 33. All mutants were generated in the context of
the pBR322.HPV31 construct. Shaded areas indicate the zinc finger
regions of the protein.

FIG. 5. Autoradiogram of Southern analysis of replicated (DpnI-
resistant) viral DNAs from a transient replication assay with HPV 31
wild type (WT) and E7 mutants in SCC13 cells. Transfections of viral
DNAs and Southern analysis were carried out as described in the
legend to Fig. 2. DNA standards (Stds) are shown on the left and
contain 500, 25, 2.5, and 0.5 pg of linearized wild-type HPV 31 DNA.
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1), and the E7–CK2 mutant genome (Fig. 6, lane 6) had high
levels of supercoiled DNA, indicative of episomal mainte-
nance. All other mutants (Fig. 6, lanes 2–5) had predominately
integrated DNA. These experiments were repeated three times
with similar results. Surprisingly, we detected low levels of
episomal DNA (less than 5% of wild type) in the E7–D21G and
the E7–C24G mutants, each in separate experiments (data not
shown). However, we could not correlate this low level of
plasmid maintenance with extended life span as is seen with the
wild type and E7–CK2 mutant. These data suggest an essential
role for the E7 protein in stable viral replication and genome
maintenance.

DISCUSSION

In the present study, we have shown that expression of both the
E6 and E7 oncoproteins from the high-risk HPV type 31 is
necessary for the stable maintenance of episomes after intro-
duction into HFKs. In contrast, loss of E6 or E7 function has
no effect in transient replication studies. These observations
suggest distinct requirements for these two modes of replica-
tion and are consistent with previous findings. Although the E1
and E2 gene products are both required in trans for transient
and stable replication of papillomavirus plasmids (16), we and
others have shown that transient and stable replication differ
in their cis requirement for E2-binding sites (33, 34). Our
current studies extend these differential requirements to the
E6 and E7 oncoproteins and suggest that their action is
necessary for viral episomes to be stably maintained.

We observed that wild-type HPV 31 episomes were detected
in transfected cells after just 1 month after transfection,
whereas E6 and E7 mutant genomes had only integrated copies
in this same period of time. Several models could explain these
observations. In the first model, episomal forms of the E6 and
E7 mutant genomes may be unable to properly segregate on

cell division and, as a result, are rapidly lost from the cell. Only
genomes that have integrated into host sequences would be
retained after several cell divisions. Such a model has been
suggested recently for the action of Epstein–Barr virus-
encoded nuclear antigen 1 in the stable maintenance of
Epstein–Barr virus plasmids (35). A second model is based on
the observation that cells transfected with genomes containing
mutations in E6 and E7 eventually undergo senescence. It is
possible that senescent cells are unable to maintain episomes,
resulting in the detection of only integrated forms. The failure
to detect episomal copies of HPV DNA after transfection into
immortal tumor cell lines suggests that this model alone may
not explain E6 and E7 function (W.G.H., unpublished work).
A third model proposes that the action of E6 and E7 on their
respective cellular targets is directly required for stable main-
tenance.

Insight into the mechanism of E6 and E7 action is provided
through mutational analysis. In addition to mutations that
completely abrogate E6 function, we analyzed a mutant of E6,
E6–YYH, which is unable to degrade p53 (21). Genomes
expressing this mutation were incapable of stable episomal
maintenance, implicating the p53-degradation function of E6
in stable replication. There are many identified binding part-
ners of E6, including E6–AP (36), E6–BP (37), paxillin (38),
hDLG (39), IRF-3 (40), and E6TP1 (41). In addition, E6
activates the expression of the catalytic subunit of telomerase
hTERT (42). Because it is difficult to identify mutants of E6
that are completely inactive in one function but not another,
it is likewise difficult by mutational analysis alone to determine
which of the activities of E6 is important in stable replication.
To investigate whether abrogation of p53 function is sufficient
to allow for stable replication, expression vectors for a dom-
inant-negative form of p53 were cotransfected together with
the E6–TTL mutant genomes into normal HFKs, but no stable
episomes were detected (data not shown). Similarly, cotrans-
fection with expression vectors for hTERT failed to yield
stable episomes (data not shown). It is possible that these
transfection assays do not mimic the state in established cell
lines with activated telomerase or mutant p53; therefore, it is
premature to conclude that these two activities do not play a
role in stable replication.

In addition to analysis of point mutants, we examined the
effects of splice-site mutations in E6 on replication. Two major
types of E6 transcripts are expressed from the P97 early
promoter of HPV 31 (32). The first is an unspliced message,
and the second contains an intron in E6 that encodes a putative
E6* protein. This E6* protein is a shortened version of E6;
however, its synthesis in cells has yet to be established con-
vincingly. In our studies, mutations of either the E6 splice-
donor or splice-acceptor sites abrogated transient replication
ability, which could be restored by cotransfection of expression
vectors for E1 and E2. This observation provides genetic
evidence that either of these two replication proteins—or
perhaps both—are expressed from promoters upstream of E6
that use the intron in E6. This finding is consistent with recent
studies that identified HPV 31 E1 transcripts initiated at P97
in undifferentiated cells (43). Further support is provided by
studies from Remm et al. (44), who established that translation
of the HPV 18 E1 protein is significantly enhanced by the
presence of an upstream intron in E6 and that synthesis of E1
protein is reduced on mutation of the splice site. It is techni-
cally difficult to determine E1 and E2 protein levels, because
these proteins have not been detected by immunoprecipitation
or Western analyses in cell lines that stably maintain episomes.
Furthermore, analysis of E1 and E2 transcripts is not feasible
with the splice-site mutant genomes, as transfection results in
integration of genomes, leading to altered transcripts that are
not comparable to wild-type transcripts. We cannot formally
exclude the possibility that the reduction in transient replica-
tion is caused by E6* action, but the ability to overcome this

FIG. 6. Autoradiogram of Southern analysis of stably transfected
HFKs with HPV 31 wild type (WT) and E7 mutants. Total genomic
DNAs were prepared and digested as described in Materials and
Methods. The migration of the various DNA forms is indicated on the
left. These experiments were repeated with three independent trans-
fections, and each yielded similar results. The wild-type sample (lane
1) is the same sample shown in Fig. 3, lane 1.
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defect by the addition of E1 and E2 expression vectors makes
it unlikely.

In a similar manner, we examined genomes containing
several point mutations in E7, including those at the N
terminus, the Rb-binding domain, and the putative CK2
phosphorylation site. Genomes containing the E7–R2P mu-
tation were consistently found to be integrated into host
chromosomes, whereas E7–CK2 mutant genomes were always
stably maintained as episomes. A variable phenotype, how-
ever, was observed with the two mutations in the Rb-binding
domain: E7–D21G and E7–C24G. We detected viral episomes
in these Rb-binding mutant cell lines at a low frequency, each
in two separate experiments, despite the fact that the majority
of sequences were found to be integrated. We could not
correlate these rare occurrences with extended life span, as is
found in cells that stably maintain episomes. For our studies,
we were able to examine only pooled cultures, as the cells
undergo senescence before the expansion required for cloning.
However, it is possible that the small number of episomes
observed are present in only a subset of cells and that these
cells may have acquired mutations in the Rb pathway, such as
in the p16 gene (45). The E7–R2P mutation retains the ability
to bind Rb but is likely to have additional deficiencies,
suggesting that Rb-binding activity alone is not sufficient for
stable replication (22, 25). Moreover, the ability to maintain
episomes with E7–CK2 mutant genomes suggests that this
modification of E7 is not required for this phase of the viral life
cycle.

Studies from other laboratories have also examined the
requirements for stable replication of papillomaviruses. The
stable maintenance of bovine papillomavirus type 1 origin
containing plasmids has been observed previously in Chinese
hamster ovary cell lines, which express high levels of E1 and E2
from heterologous promoters (34). In addition, a recent study
in which a spontaneously immortalized human keratinocyte
line, BC-1-EpySL, was transfected with HPV 16 genomes
containing a TTL insertion in E7 has shown stable mainte-
nance of episomes. These cells, however, fail to amplify viral
DNA on differentiation in raft cultures, indicating that E7
functions at a later stage in the viral life cycle (P. Lambert,
personal communication). Because Chinese hamster ovary
and BC-1-EpySL cells are immortal, the cellular changes
induced by HPV 31 E6 and E7 may be induced redundantly by
mutations in cellular genes. Our studies show that E6 and E7
are required for episomal maintenance in undifferentiated
normal human keratinocytes; therefore, we were unable to
identify additional roles in differentiation-induced viral func-
tion with the mutations we examined.

We conclude that both HPV type 31 oncoproteins E6 and E7
are required for stable, but not transient, replication in human
keratinocytes. Our data provide evidence for a role of the HPV
oncoproteins beyond their well documented role in transfor-
mation. Importantly, our findings suggest that E6 and E7
significantly contribute to the productive life cycle of HPVs.
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